Wind-up is a frequency-dependent increase in the response of spinal cord neurons, which is believed to underlie temporal summation of nociceptive input. However, whether spinoparabrachial neurons, which likely contribute to the affective component of pain, undergo wind-up was unknown. Here, we addressed this question and investigated the underlying neural circuit. We show that one-fifth of lamina I spinoparabrachial neurons undergo wind-up, and provide evidence that wind-up in these cells is mediated in part by a network of spinal excitatory interneurons that show reverberating activity. These findings provide insight into a polysynaptic circuit of sensory augmentation that may contribute to the wind-up of pain's unpleasantness.
Introduction
Wind-up is a type of facilitation observed in spinal cord neurons in which the response to repetitive stimulation of peripheral C-fibers increases with each stimulus. 18 This mechanism of amplification was first described over 50 years ago in lamina IV spinocervical neurons, where it was shown to be a frequency-dependent phenomenon. 22, 23 Since then, this form of amplification has been observed in a variety of spinal neurons, including wide-dynamic-range (WDR) neurons in the deep dorsal horn, unidentified neurons in the superficial dorsal horn, and motor neurons in the ventral horn. 36, 49, 50 It has long been speculated that wind-up could contribute to the sensory experience of temporal summation, the increase in the perception of pain in response to repeated stimulation. 2, 8 Consistent with this possibility, temporal summation in response to electrical, thermal, or mechanical stimulation, is frequency dependent, and requires stimulus intensities capable of activating C-fibers. 1, 3, 20, 21, 45 Both wind-up and temporal summation are physiological mechanisms of amplification that has the potential to contribute to hypersensitivity and allodynia after injury, as suggested by the observations that wind-up is magnified in mice with peripheral inflammation, 17, 18, 40, 43 and temporal summation is heightened in patients with pain. 12, 26, 31, 44 Thus, understanding the neural circuits of wind-up is important because these circuits may contribute to pathological pain. 11, 47 Although wind-up has been studied extensively, there remain 2 major unanswered questions. The first pertains to the affective component of pain. Many earlier studies have focused on amplification of reflexes, using wind-up in the ventral horn and/or motor roots as a primary endpoint with which to tease apart mechanisms underlying this phenomenon. 30, 36, 49 Wind-up also occurs in spinal output neurons that project, directly or indirectly to the thalamus, such as WDR spinothalamic neurons 50 and spinocervical neurons. 22, 23 Because somatosensory input to the thalamus contributes to sensory discrimination, wind-up in these cells could account for the psychophysical phenomenon of temporal summation as manifest by reports of increasing pain intensity with repeated application of a noxious stimulus. 20 What remains unclear is whether there is wind-up in sensory affective pathways that mediate the unpleasantness of pain. Spinal output neurons that target the lateral parabrachial nucleus, which convey nociceptive and thermoregulatory information, are believed to contribute to the affective component of pain. 5, 14 However, whether wind-up occurs in spinoparabrachial (SPB) neurons is unknown. Given that pain unpleasantness shows temporal summation, 35 we hypothesized that wind-up would occur in SPB neurons.
The second unresolved question is whether synaptic mechanisms alone are sufficient to account for wind-up. The prevailing theory is that wind-up is mediated by N-methyl-D-aspartate (NMDA) receptors, which are recruited through a relief of magnesium block that occurs on cumulative depolarization in response to repetitive stimulation. 8 A key role of NMDA receptors in wind-up is supported by the findings that NMDA receptor antagonists inhibit wind-up of WDR neurons, 7, 9 ventral horn neurons, 41 and motor neurons. 48 Accordingly, NMDA receptor antagonists also reduce temporal summation in healthy humans 2, 32 and abnormal temporal summation in the context of injury-induced pain. 13, 46 However, the block of wind-up by NMDA receptor antagonists is not always complete, raising the possibility that other mechanisms are likely to contribute. 7, 9, 41 One possibility is a circuit-based mechanism in which an excitatory interneuron network in the dorsal horn acts as an amplifier. Indeed, such a circuit-based mechanism was originally put forth by Mendell in his seminal study, in which he postulated that wind-up may be due to the reverberatory activity in spinal interneurons that is evoked by afferent C-fiber input, reasoning that "if in this period of time another stimulation arrives to the cord, it sums with the ongoing activity to produce a more intense discharge in the interneurons than the one before it 22 ." Consistent with this idea, wind-up is observed in a variety of spinal neurons that do not receive appreciable C-fiber input, indicating that this wind-up must be mediated through a polysynaptic circuit. However, the nature of this circuit, and whether it contributes to (rather than simply propagating) wind-up is not clear.
We recently developed an ex vivo somatosensory preparation that enables the recording from lamina I SPB neurons together with celltype-specific manipulation. 16 We therefore set out to test the hypotheses that wind-up occurs in lamina I SPB neurons, and that a network of excitatory interneurons is involved in mediating this amplification. Here, we report that approximately one-fifth of SPB neurons show wind-up on repetitive stimulation of the dorsal root. In addition, we provide evidence that optogenetic activation of excitatory interneurons is sufficient for wind-up. This effect is selective for some excitatory networks because it is observed on activation neurons of the neurotensin-lineage (Nts Cre ) neurons but not the calretinin lineage (Cr Cre ) neurons. Through optogenetic inhibition, we show that activity in Nts
Cre neurons is required for dorsal root-evoked wind-up. Finally, our data suggest that this facilitation is mediated, at least in part, by reverberatory activity within an interconnected excitatory network. Together, these studies show the existence of wind-up in lamina I SPB neurons and provide new insight into the underlying neural circuit basis.
Methods

Mouse lines
The mouse lines used for this study were all obtained from The Jackson Laboratories and maintained on C57BL/6J background: Nts
Cre , a nondisruptive IRES-Cre recombinase knockin at the endogenous Neurotensin locus (Stock number: 017525); Cr Cre , a nondisruptive IRES-Cre recombinase knock-in at the endogenous Calretinin locus (Stock number: 010774); Ai9, enabling Cre-dependent expression of tdTomato (Gt(ROSA)26Sor tm9(CAG-tdTomato) , Stock number: 007909); Ai32, enabling Cre-dependent expression of an enhanced channelrhodopsin fusion protein, ChR2(H134)/EYFP (Gt (ROSA) 26Sor tm32(CAG-COP4*H134R/EYFP) , Stock number: 012569); and Ai35, enabling Cre-dependent expression of an Archaerhodopsin fusion protein (Gt(ROSA)26Sor tm35.1(CAG-aop3/GFP) ; Stock number: 012735). Genotyping for these alleles was performed with the following primers: for Ai9, TdTR (GGC ATT AAA GCA GCG TAT CC) and TdTR (CTG TTC CTG TAC GGC ATG G) were used to detect TdTomato (196 bp product); for Ai32, ChR2F (ACA TGG TCC TGC TGG AGT TC) and ChR2R (GGC ATT AAA GCA GCG TAT CC) were used to detect ChR2 (212 bp product); for Ai35, XFPF (GCG AGG GCG AGG GCG ATG) and XFPR (CGA TGT TGT GGC GGA TCT TG) were used to detect EYFP (423 bp product), and for the wild-type Rosa allele, RosaWTF (GGA GCG GGA GAA ATG GAT ATG) and RosaWTR (AAA GTC GCT CTG AGT TGT TAT) were used (;550 bp product).
Four-to seven-week-old mice of both sexes were used in this study. Mice were given free access to food and water and housed under standard laboratory conditions. The use of animals was approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Immunohistochemistry
Four Nts Cre ; Gt(ROSA)26Sor tm9(CAG-tdTomato) adult mice were perfused with 4% paraformaldehyde and the lumbar spinal cords from L2 to L3 were dissected and subsequently postfixed for 4 hours. Transverse 65-mm thick sections were cut on a vibrating microtome and processed free-floating for immunohistochemistry. Sections were blocked in blocking solution (10% donkey serum, 0.1% Triton in phosphate-buffered saline) for 2 hours and incubated in the following primary antibodies for 14 hours overnight at 4˚C: NeuN (1:1000 Millipore MAB377; Millipore, Burlington, MA) and Pax2 (1:1000, Life Technologies 716000; Life Technologies, Carlsbad, CA) as well as Biotin-conjugated Isolectin B4 (1:200, Sigma Aldrich L2140; Sigma Aldrich, St. Louis, MO). After three 20-minute washes with wash buffer (0.1% Triton, 1% donkey serum, 0.3 M NaCl), sections were incubated with Alexa Fluor-conjugated secondary antibodies (1:500; Life Technologies) and Streptavidin-488 (1:500; Thermo Fisher, Waltham, MA) and for 2 hours at room temperature. Next, sections were incubated with Hoechst (1:10,000; Thermo Fisher) incubation for 1 minute to label nuclei. Seven 15-minute washes were performed, and then, sections were mounted on slides and coverslipped. The dorsal horns were imaged through a single optical plane using a Nikon A1R confocal microscope with a 203 objective. Only cells with clearly visible nuclei were counted.
Labeling spinoparabrachial neurons
Four-to six-week-old mice were anesthetized with isoflurane and placed in a stereotaxic frame. A small hole was made on the skull with dental drill. A glass micropipette was used to inject 100 nL of FAST DiI oil (2.5 mg/mL; Invitrogen, Carlsbad, CA) into left lateral parabrachial nucleus (relative to lambda: anteroposterior 2 0.5 mm; lateral 1.3 mm; and dorsoventral 22.4 mm). The head wound was closed with stitches. After recovery from the anesthesia, the animals fed and drank normally. The animals were used for electrophysiology 4 to 7 days later.
Whole spinal cord preparation
For electrophysiological recordings, we used a modified semiintact preparation. 16 We recorded from neurons in the L2 spinal segment, which are easiest to visualize and record from in this preparation. In brief, 5-to 7-week-old mice were deeply anesthetized with urethane (1.2 g/kg, intraperitoneally). The animals were perfused transcardially through the left ventricle with ice-cold oxygenated (95% O 2 and 5% CO 2 ) sucrose-based artificial cerebrospinal fluid (in mM; 234 sucrose, 2.5 KCl, 0.5 CaCl 2 , 10 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 11 glucose). Immediately after perfusion, the skin was incised along the dorsal midline and the spinal cord was quickly excised and placed it into an ice-cold, sucrose-based Krebs solution. Dura and piaarachnoid membrane were removed after cutting all the ventral and dorsal roots except the L2 root on the right. The spinal cord was placed in the recording chamber and pinned into a chamber wall made from Sylguard. The spinal cord was perfused with Krebs solution saturated with 95% O 2 and 5% CO 2 at 30 to 31˚C. The Krebs solution contained (mM): 117 NaCl, 3.6 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 25 NaHCO 3 , and 11 glucose.
Patch-clamp recording from dorsal horn neurons
Neurons were visualized using a fixed stage upright microscope (BX51WI Olympus microscope; Olympus, Tokyo, Japan) equipped with a 403 water immersion objective lens, a CCD camera (ORCA-ER; Hamamatsu Photonics, Hamamatsu City, Japan), and monitor screen. A narrow beam infrared LED (L850D-06; Marubeni, Tokyo, Japan, emission peak, 850 nm)was positioned outside the solution meniscus, as previously described. 16, 28, 29, 34 To record from Nts Cre neurons in optogenetic experiments, mice were generated that harbored both Ai14 and Ai32 alleles, and cells were identified by expression of tdTomato. Spinoparabrachial neurons located within 20 mm from the surface of the dorsal horn were identified by DiI labeling.
Whole-cell patch-clamp recordings were made with an Axopatch 200B amplifier with a Digidata 1322A A/D converter controlled using Clampex software (version 10), all from Molecular Devices. Patchpipette electrodes had a resistance of 6 to 12 MV when filled with a pipette solution of the following composition (mM); 135 potassium gluconate, 5 KCl, 0.5 CaCl 2 , 5 EGTA, 5 Hepes, 5 ATP-Mg, pH 7.2. Alexa Fluor 488 was added to aid in visualization. The data were lowpass filtered at 2 kHz and digitized at 10 kHz. The liquid junction potential was not corrected.
Cell recordings were made in voltage-clamp mode at holding potentials of 270 mV to record excitatory postsynaptic currents (EPSCs) and current-clamp mode to record action potentials (APs). Frequency of EPSCs and APs was analyzed using MiniAnalysis (Synaptosoft, Inc, Decatur, GA). The L2 dorsal root was stimulated by suction electrode with 100 ms duration. Ad-fiber evoked responses were considered monosynaptic if the latency remained constant when the root was stimulated at 20 Hz and there was no failure, and C-fiber evoked responses were considered monosynaptic if there was no failure at 2Hz. 25 To investigate wind-up, dorsal root stimulation (DRS) was applied at 2 Hz and the number of APs after each stimulation (0.5-second window) was counted. The criteria used to define the presence of wind-up were that the maximum number of APs was at least 5 and more than twice as many APs were evoked in response to subsequent stimuli as were evoked in response to the first stimulus.
Optogenetic activation
During patch-clamp recording, photostimulation was applied to the spinal cord through the objective lens (403) of the microscope with a Xenon lamp (Lambda DG-4; Sutter Instrument, Novato, CA). A Lamdba DG4 (Sutter Instrument) was used for optogenetic stimulation, where switching between filter positions (0.5 ms) was controlled by a TTL pulse from the output of the A/D converter. We used a GFP filter (centered around 485 nm) for activation of ChR2 and a Cy3 filter (centered around 555 nm) for activation of Arch. Light power on the sample was 1.3 mW/mm 2 . To examine whether the recorded neuron received monosynaptic or polysynaptic input from Nts Cre neurons, we applied 0.1-Hz photostimulation (5 ms). Input was considered monosynaptic if there was no failure and the latency jitter was smaller than 1 ms. 16 For blue light-induced wind-up, we applied 2-Hz photostimulation (5 ms), using the same wind-up criteria as root-evoked wind-up. To test whether activation of Nts Cre primary afferents caused wind-up, blue light pulse of the same light source was applied on the dorsal root, which was approximately 7 mm away from the spinal cord and far enough to prevent blue light-induced ChR2 activation in the spinal cord.
Results
Dorsal root stimulation induces wind-up in one-fifth of lamina I spinoparabrachial neurons
To determine whether wind-up develops in SPB neurons, we used an ex vivo spinal cord preparation that preserves intact spinal circuitry and enables whole-cell recordings from SPB neurons in lamina I (Figs. 1A and B) , as described previously. 16 After the injection of DiI into the lateral parabrachial nucleus, retrogradely labeled lamina I SPB neurons were identified for recording with epifluorescence and then visualized in bright field by oblique infrared LED illumination to establish whole-cell patch recording (Fig. 1C) . 16, 39 Electrical stimulation of L2 dorsal root at 0.5 Hz, elicited a stable response to each stimulus in most cases (Fig. 1D,  bottom and Fig. 1E, black trace) . However, at 2 Hz stimulation, there was a progressive increase in AP number across the period of stimulation in 12 of 67 lamina I SBP neurons studied (Fig. 1D, top and Fig. 1E, red trace) . In these neurons, there was a 299 6 70% increase in the maximum number of evoked APs by the end of the 10-pulse train relative to the number of APs evoked with the first pulse. This effect was in marked contrast to the absence of a change in the number of evoked APs (6 6 11%) in the remaining neurons (Fig. 1F) . Importantly, and consistent with previous characterizations of wind-up, the increase in the evoked response to DRS significantly reduced by the NMDA receptor antagonist APV (50 mM; Fig. 1G ). Thus, wind-up is observed in ;20% of lamina I SPB neurons and, like in other spinal neurons, it is NMDA receptor dependent.
Neurotensin-lineage neurons are sufficient for wind-up in lamina I spinoparabrachial neurons
To identify spinal neurons potentially underlying the reverberating circuit hypothesized by Mendell, 22 we screened for Cre alleles that would enable genetic access to subsets of excitatory neurons. The Nts
Cre allele was selected because it is relatively specific for excitatory interneurons and it targets a broad population in the dorsal horn. To determine the distribution of these cells, we analyzed L2 to L3 spinal dorsal horns from mice harboring both the Nts Cre and the Ai14 tdTomato reporter alleles, which were costained for NeuN, a marker of neurons, Pax2, a marker of inhibitory neurons, and IB4, a marker of nonpeptidergic afferents that were used to help delineate boundaries within the dorsal horn. Using the ventral aspect of IB4 as a boundary that corresponds approximately to the border between high-threshold C-fiber and low-threshold A-fiber inputs, we found that Nts
Cre neurons represent 13 6 1% of neurons within the superficial dorsal horn and 32 6 2% of neurons within the intermediate dorsal horn (n 5 4 mice). Almost all (98 6 1%) the Nts Cre neurons were deemed to be excitatory as evidenced by the absence of Pax2 staining ( Fig. 2A) . 6, 30 Because the genetic population defined by Nts
Cre -mediated recombination is somewhat broader than that defined by neurotensin protein expression in adult mice, 15 we refer to the Nts Cre population as neurotensinlineage neurons.
Because we wanted to know whether stimulation of Nts Cre neurons alone was sufficient to drive wind-up in lamina I SPB neurons, it was first necessary to confirm that we could consistently activate Nts Cre neurons expressing ChR2 with blue light (Fig. 2B) . We found that brief (5 ms) blue light exposure typically induced 1 AP in ChR2-expressing Nts Cre neurons, which could follow at 2 Hz (Fig. 2C) with a failure rate of less than 5% (4 6 3%, n 5 16 cells).
Having confirmed that it was possible to selectively activate Nts Cre neurons, we next sought to determine whether selective activation of these neurons was sufficient to drive wind-up in lamina I (Fig. 2D) . For the sake of ease in this preliminary screen, we analyzed unidentified lamina I neurons (rather than retrogradely labeled SPB neurons). Optogenetic stimulation at 2 Hz caused a robust wind-up in 6 of 9 neurons (Figs. 2E and F) , indicating that Nts Cre interneuron activity is sufficient for wind-up. To determine whether optogenetically induced wind-up by excitatory neurons in the dorsal horn occurs in response to the stimulation of any excitatory neuron subpopulation, we assessed the impact of optogenetic stimulation of Cr Cre neurons (Fig. 2G) . Calretinin is expressed in ;30% of neurons in the superficial dorsal horn, of which 85% are excitatory. 37, 38 Although optogenetically evoked APs were observed in lamina I neurons on application of blue light, wind-up was not detected on activation of Cr
Cre neurons (Figs. 2H and I) . Thus, the selective activation of some, but not all, excitatory neurons is sufficient to induce windup in lamina I neurons.
Next, we turned to the analysis of lamina I SPB neurons because these output neurons may be involved in the affective component of pain. Notably, although some of the input from primary afferents onto lamina I SPB neurons is direct, the majority occurs through polysynaptic connections (Figs. 3A and B) , raising the possibility that an excitatory network could contribute to wind-up in lamina I SPB neurons. To test this possibility, we examined the effect of optogenetic simulation of Nts Cre neurons (Fig. 3C) . Blue light stimulation of Nts Cre neurons at 2 Hz caused wind-up in 11 of 18 (61%) lamina I SPB neurons (Figs. 3D and E) . Thus, optogenetically induced wind-up was observed in a significantly larger population of lamina I SPB neurons than dorsal root-evoked wind-up (P , 0.01, Fisher exact test). In some neurons, the peak response to the windup protocol was achieved by the sixth or seventh stimulus in the train, with a decrease from this peak response observed to the remaining stimuli (Fig. 3D) . We suggest that this decrease may be due to a depolarization-induced inactivation of voltage-gated sodium channels. Like dorsal root-evoked wind-up, the Nts Cre -mediated wind-up of lamina I SPB neurons was blocked by APV (Fig. 3F) and showed frequency dependence (Figs. 3G and H ).
An important consideration is that, in addition to excitatory spinal interneurons, the Nts Cre allele causes recombination in approximately 10% of primary afferents, which are mainly small diameter cells, and include both peptidergic and nonpeptidergic subtypes (data not shown). To address the potential role of Nts Cre primary afferents in optogenetically induced wind-up, we compared the responses of a given lamina I SPB neuron to optogenetic stimulation over the cord (Fig. 3C) with that observed over the root (Fig. 3I) . As before, optogenetic stimulation over the cord induced wind-up (Fig. 3K) . By contrast, optogenetic stimulation of the Nts Cre afferent input was not sufficient for wind-up in lamina I SPB neurons, although in all cases it was sufficient to drive APs in these cells (Figs. 3J and K) . Thus, although we cannot rule out a possible contribution from primary afferents, wind-up in lamina I SPB neurons by optogenetic activation of the Nts
Cre population likely requires activity in neurotensin-lineage neurons in the dorsal horn.
Neurotensin-lineage neurons are required for wind-up in lamina I spinoparabrachial neurons
Although activation of the local Nts
Cre network is sufficient for windup in lamina I SPB neurons, whether the Nts Cre network normally mediates wind-up that is observed on electrical stimulation of Cfibers remained unclear. To address this question, we examined whether dorsal root-evoked wind-up is abolished on optogenetic inhibition of neurotensin-lineage neurons with Archaerhodopsin (Arch), a light-driven proton pump. To determine whether green light-induced activation of Arch was sufficient to inhibit Nts Cre neurons, we recorded from these neurons in voltage and current clamp (Fig. 4A) . Green light hyperpolarized Arch-expressing Nts Cre neurons (10.3 6 1.4 mV, n 5 13 cells) and blocked dorsal root-evoked APs in these cells (Figs. 4B and C) , thereby confirming the efficacy of this optogenetic strategy. Next, we addressed whether optogenetic inhibition of Nts Cre neurons blocked rootevoked wind-up in lamina I SPB neurons. Towards this end, we identified lamina I SPB neurons that showed wind-up on electrical stimulation of the dorsal root and then, we repeated the stimulation in the presence of green light to inhibit Nts Cre neurons (Fig. 4D) . We found that optogenetic inhibition of Nts
Cre neurons significantly reduced root-evoked wind-up (Figs. 4E and F) . To gain insight into the underlying mechanism, we performed recordings in voltage clamp to analyze the effect of green light on the input received by lamina I SPB neurons. This analysis revealed that optogenetic inhibition of Nts Cre neurons significantly reduced the excitatory input that is observed on dorsal root stimulation, as measured by the net influx of charge (Figs. 4G and H) . Taken together, these findings suggest that activity in Nts Cre neurons is required for dorsal root-evoked wind-up.
Nts Cre neurons form an extensive excitatory network
Our results suggested that Nts Cre neurons are necessary and sufficient for wind-up, but the underlying circuitry remained unclear. To address this, we analyzed ChR2-evoked currents in voltageclamp mode. We found that, although a small proportion (2 of 30) of lamina I SPB neurons did not receive any input from Nts
Cre neurons (Fig. 5A) , most showed either monosynaptic and polysynaptic EPSCs (16 of 30; Fig. 5B ) or polysynaptic EPSCs (12 of 30; Fig. 5C ). Thus, most lamina I SPB neurons receive direct or indirect input from Nts Cre neurons (Fig. 5D) . Next, we examined the connectivity among Nts Cre neurons, recording from Nts Cre neurons while activating this population optogenetically. In 3 of 25 Nts
Cre neurons, optogenetic stimulation evoked only a single, large amplitude ChR2-evoked current with very short latency (;1 ms) because of the opening of ChR2 in the recorded cell (Fig. 5E) . However, in most Nts Cre neurons, this large amplitude ChR2-evoked current was accompanied by monosynaptic and polysynaptic EPSCs (Fig. 5F ), or polysynaptic EPSCs (Fig. 5G) . Together, these findings suggest that Nts
Cre neurons form an excitatory network.
Activation of Nts
Cre neurons causes reverberatory activity that correlates with wind-up
The extensive interconnectivity that we observed within the Nts Cre network raised the possibility that a polysynaptic circuit also contributes to the wind-up in lamina I SPB neurons. If so, we reasoned that we ought to see not only wind-up of the lightevoked EPSCs in lamina I SPB neurons but also an increase in the subsequent polysynaptic input onto these cells. To investigate this possibility, we recorded from lamina I SPB neurons in voltage-clamp mode in response to optogenetic activation of Nts Cre neurons (Fig. 6A) . Blue light stimulation at 2 Hz resulted in an increase in both the blue light-evoked EPSC and smaller EPSCs that followed, which seemed to be due to ongoing synaptic input onto the SPB neuron (Fig. 6B) . To quantify this effect, we measured the net charge influx between stimuli. This analysis revealed that the net charge increase observed on repeated stimulation was significantly greater in cells that showed wind-up compared with cells that did not (Fig. 6C) .
One of the factors that could lead to increased net charge influx is reverberatory activity within the network. We found that brief (5 ms) blue light stimulation induced EPSCs (Fig. 6D) that continued for the prolonged period (eg, .1 second). Given the extended time course of this reverberatory activity, we reasoned that a second stimulus during this time could sum with previous activity, thereby contributing to wind-up as previously suggested. 22 To test this idea, we compared the reverberating activity evoked by a single stimulus between lamina I SPB neurons that subsequently showed wind-up to those that did not. In this retrospective analysis, we found that in lamina I SPB neurons where no wind-up was observed, there was no difference in the EPSC frequency during the 1000 to 500 ms before optogenetic stimulation compared with the EPSC frequency during the 500 to 1000 ms after optogenetic stimulation. By contrast, in lamina I SPB neurons where windup was observed, there was a significant increase in the EPSC frequency observed after optogenetic stimulation compared with before (Figs. 6E and F) . Together, these findings suggest that wind-up in lamina I SPB neurons is mediated, at least in part, by a polysynaptic circuit that shows reverberatory activity (Fig. 6G) .
Discussion
Wind-up is a mechanism of facilitation that is believed to account for the intensification of pain observed with repeated or prolonged application of noxious stimuli, a psychophysical phenomenon referred to as temporal summation. Importantly, both the sensory/discriminative (intensity) and the emotional/ affective (unpleasantness) components of pain are subject to temporal summation. Spinothalamic neurons, which are believed to contribute to intensity coding, undergo wind-up, but whether SPB neurons, which are believed to be contribute to unpleasantness coding, are subject to wind-up, was less clear. Our study reveals that lamina I SPB neurons show windup in response to repetitive stimulation of the dorsal root. In addition, we provide evidence that this wind-up is mediated, at least in part, by Nts
Cre neurons because selective activation of these cells was sufficient to evoke wind-up in lamina I SPB neurons, whereas optogenetic inhibition of these cells inhibited dorsal root-evoked wind-up. Finally, our data suggest that the duration of reverberatory input onto lamina I SPB neurons contributes to the manifestation of wind-up. These findings provide new insight into the circuit mechanisms that could underlie the temporal summation of pain's unpleasantness, and uncover a long-speculated contribution of an excitatory network in this sensory augmentation (Fig. 6E) .
Our study reveals that wind-up in lamina I SPB neurons on optogenetic stimulation of Nts
Cre neurons was more frequent in occurrence than that observed on electrical stimulation of the dorsal root. Although the reason for this difference is not known, we suggest that the key role of inhibitory neurons within nociceptive circuits of the dorsal horn is likely to account for the difference. That is, primary afferent input normally recruits activity in inhibitory interneurons to effect feed-forward, feedback, and lateral inhibition. By contrast, our optogenetic stimulation of Nts Cre excitatory interneurons may have bypassed this inhibition, thereby shifting the balance of activity in favor of excitation, leading to an increase in the prevalence of wind-up.
Our data suggest that reverberatory activity within a neural circuit contributes to wind-up lamina I SPB neurons. It has long been speculated that interconnectivity among excitatory interneurons may provide a substrate for reverberatory activity, allowing for summation. 22 Under physiological conditions, this summation is limited by activity in inhibitory interneurons, as evidenced by the observation that disinhibition by g-aminobutyric acid and glycine antagonists causes long-lasting EPSCs by DRS. 4, 10, 27, 42 Thus, inhibition may normally limit wind-up. Because a decrease in inhibitory tone is frequently seen on injury, 19, 24 this loss of inhibition may contribute to abnormal reverberatory activity, giving rise to both heightened wind-up and abnormally elevated wind-up that are observed in pathological conditions. Cre neurons (0.1 Hz 3 10, 5 ms duration). Example traces from recorded cells that received no input (E) (inward current is due to opening of ChR2 in the recorded cell), monosynaptic and polysynaptic input, as indicated by the blue arrow (F), or polysynaptic input alone, as indicated by the green arrows (G) from
